Biologically active fragments of Adenovirus 5 (Ad5) DNA that span the entire genome have been cloned into plaanids. The covalently attached terminal protein wa3 removed and Eco RI linkers added in a fashion that preserves the Ad5 terminal sequences. When plasmids containing overlapping fragments that represent the entire genome are cotran3fected onto 293 cells, infectious virus is obtained. Generation of virus depends upon the release of the 0 or 100 mu Ad5 terminus from pBR322 DNA by Eco RI cleavage. During virus production the modified termini of the transfected fragments are corrected exactly to that of wt viral DKA. The above method for preparing adenovirus recomblnants has been used to construct a mutant, Ad5 A(78.9-84.3), lacking most of the non-essential EIII transcriptional unit. Thi3 mutant is phenotypically wild type with respect to burst size and kinetics of growth. Surprisingly, it inhibits wt viral growth upon mixed infections of HeLa or 293 cells, apparently at the level of DNA replication.
INTRODUCTION
The ability to manipulate the adenovirus (Ad) genome iji vitro is important in facilitating biological studies on its organization and expression. Precedence for the invaluable advantages of using cloned viral DNAs to generate infectious particles can be taken from a number of viral systems (for review see ref. 
MATERIALS AND METHODS

Be agents
All restriction endonucleases were purchased from New England Biolabs, with the exception of Bam HI from BRL, and Hpa I from Boehringer Mannheim.
The enzymes T1 polynucleotide ligase and TU polynucleotide kinase were obtained from (few England Biolabs, T1 DNA polyoerase was from BRL and S1
nuolease and calf intestinal phosphatase (CIP) were from Miles. The unit definitions were as specified by the vendors. Hast radionucleotides were from NEN.
[y-PJ-ATP was also purchased from Anersham.
Preparation of Ad5 recanbinant3
The 55K-terminal protein covalently attached to Ad at each terminus was removed by the following enzymatic manipulations: proteinase K-digested Ad5 DNA (10 ug) was incubated in 20 ul of 50 mH Tris pH 8, 7 mM MgCL , 7 mM p-mercaptoethanol, and 100 uM dTTP with 3 units of T1 DNA polunerase for 30' at 11°C. After phenol extraction and ethanol precipitation, DNA was resuspended in 20 |U of 30 mH NaC 2 H^0 2 pH 1.5, 1 mH ZnSO,,, 5% glycerol, 0.25 M NaCl and 1000 units of S1 nuclease and incubated at 9°C for 30'. The DNA was resuspended in 20 ul of 50 mH Tri3 pH 7.5, 10 mH HgCl o , 15 mH dithiothreitol, 32 50 uH ATP, and 50 uH of P end-labeled Eco Rl-oligonucleotide linkers (Collaborative Research) and incubated with 500 units of T1 polynucleotide ligaae for 16 hr at 16°C. The DNA was resolved from linkers by chromatography over Sephadex 2B in 10 mH Tris pH 8, 1 mH EDTA), 10 (ig/ml tRNA and then cleaved with Eco RI endonuclease and fractionated on a 1.2% agarose gel. Eco RI fragments A-C were isolated by electroelution, and ligated to Eco Rl-cleaved, CIP-treated pBR322 DNA (11) . After ligatlon, DNA was transfected into C600 £. coli, and colonies containing Ad5 sequences were detected by colony hybridization (12) and DNA rapid preparation analysis (13) .
Recombinant pEcoRIBAd5 (81.3-100) served as a progenitor for the recombinant pBamBAd5 (59.5-100) as follows: pEcoRIBAd5 DNA was grown in a DAH" E. coli strain (11) , to avoid methylatlon of the Xba I recognition site at 81.3 mu. This pEooRIBAd5 DNA was partially digested with Xba I, and singly-cleaved DNA was isolated after electrophoresis in a 1.2J agarose gel. This DNA was digested with Bam HI and purified by agarose gel electrophoresis. The fragment containing Ad5 sequences from 81.3-100 mu and pBR322 sequences from 375-1361 nucleotides was isolated. This DNA was ligated with a 59.5-81.3 mu (Bam HI and Xba I) gel-purified fragment of Ad5 DNA and transformed into C600 E. coli.
A derivative of pBamBAd5 (59.5-100) lacking the Ad5 DNA sequences from 78.9-81.3 mu was prepared by digesting pBamBAd5 (59.5-100) grown in DAH~ E. coll with Xba I endonuclease, purification of the large fragment by agarose gel electrophoresis and ligation at a DNA concentration of 5 ug/ml. This DNA was transfected into C6O0 E_. coll, and subsequently into DAH~ _E. coll.
DNA transfectlon3
The calcium phosphate transfection protocol U3ed was similar to that of G-aham and van der Eb (15) , with the additional glycerol shock (16) . For Northern blot analysis, generally 100-500 ng of RNA was electrophoresed through 1.2J formaldehyde-agarose gels (26) for 2 hours at
200V.
The RNA was transferred to nitrocellulose (27) and subsequently hybridized to appropriate nick-translated probes (28) in dextran sulfate and formamide (29) .
RESULTS
Generation and characterization of recomblnant3 spanning the entire Ad5 genome
In order to prepare Ad5 DNA termini for cloning into plasrald DNA, the 55K-proteln was removed in such a fashion as to leave the Ad terminal sequences intact. Proteinase K-digested wt Ad5 DNA was Incubated with T4 DNA polunerase and dTTP. In the presence of excess dTTP, a single nucleotide from the 3'-3trand should be removed (30) , generating the product shown in Figure   1 . The protruding 5'-dCMP and covalently attached residual peptlde were removed by digestion with SI nuclease. Addition of Eco RI linkers restored the terminal C-G base pair (Fig. 1) . Cleavage of linkered Ad5 DNA with Eco RI 
Virus Production
A. Viral or recombinant DNA fragments were purified by agarose gel eleotrophoresis prior to ligation. Fragments were mixed in approximately equimolar concentrations, to a final total concentration of 10 ug/ml and incubated with ligase. The reaction was then transfected a3 described in Materials and Methods. In control experiments where mixed fragments were not ligated, the tranafection efficiencies were at least 10-fold lower. Both Ad5 309 DNA and Ad5A(78.9-84.3) DNA (used in number 4) contain only one Eco RI site, at 75.9 mu. The transfection efficiency for Eco RI fragments of Ad5 309 DNA after purification and ligation was 5-fold lower than with non-purified Eco RI fragments ligated directly after Eco RI cleavage.
B. Overlapping fragments of viral or plasnid DNA were mixed and transfected onto 293 cells. Immediately after glycerol shock the cells were overlaid with agar, and plaques were counted from duplicate plates 8-10 days later.
C. Overlapping fragments of viral or plasmid DNAs were mixed or ligated prior to CaPO,, precipitation and transfection onto 293 cells. After 6-10 days, lysates were prepared from transfected cells, and used to infect He La and 293 cell3. Detection of CPE 2-M days post-infection was scored as a positive.
from wt DMA (6).
These DNAs were transfected onto 293 cells, and quantitated for infectlvlty by plaque assay. Viral DNAs from progeny viru3 were analyzed after HIRT extraction by cleaving with different restriction endonuclea3es.
As can be seen in Table I, Table I ).
The biological activities of the Ad5 recombinants were ultimately demonstrated by the observation that homogeneous, infectious virus stocks were generated by merely transfecting two overlapping subgenomic clones of Ad5 DNA.
Virus could be generated by tranafectlon with 3 3ubgenomic fragments, as well, and the amoint of overlap necessary was as little as 3 mu (Table I) .
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FiRure 5: S1 analysis of polyA + EIII raRNAs from wt or Ad5A(78.9-81.3) infected cells.
RNA (100 ng) prepared from early infected cells was mixed with 10 ug HeLa cytopla3raic RNA and analyzed by SI as previously described (36) .
Hybridization was for 7 hr at 514 Cft the predetermined Tta for the probe used, followed by digestion for 30' at 15 C with 4x10 units of S1 nuclease. DMAs were resolved either on a neutral agarose gel (a) or glyoxalated and electrophoresed on a denaturing gel (b).
Two different isolates of Ad5A(78.9-81.3), numbered 1 and 3, were examined.
(o) The 78.9-81.3 deletion reduces most of the EIII messages to two composite?mRNA species, as illustrated. The DMA probe, extending from 70-85 mu, was P0,. end-labeled with T1 polynucleotide kinase at the 85 rau Hpa I site.
This DMA fragment is deleted for sequences between 78.9 and 81.3 nu. The probe will detect only those EIII mRNAs terminating at 86 mu. the same Hpa I site, the expected products for Ad5 were observed, while the bands generated by Ad5A(78.9-84.3) RNA were the same as in Fig. 5 Fig. 7, lanes 1-4) , and this was reflected in the progeny virus. When virus was isolated from cells infected with a mixture of Ad5A(78.9-84.3) and wt virus, and U3ed for a second round of infection, most of the DHA replicating was M5A(78.9-84.3) DNA (Fig. 7, lanes 5-8) (Table I) . These viral DNA-clone DNA ligation products differ from totally cloned sequences in that they share a common structure, the viral DNA terminus. Recombinant Ad5 termini are modified by the presence of Eco RI linkers, and they lack the residual peptide left after proteolytic digestion of viral DNA. These features might affect either the efficiency of replication or the stability of the termini, and thus account for the lower infectlvity.
Since Infectious viru3 results from tran3fection with subgenomic pla3raids containing both the 0 and 100 mu termini, viral DNA replication must be capable of initiation at modified ends. Generation of infectious virus from plasmid DNAs requires cleavage at either Eco RI site at the left or right terminal sequence. Previous studies have shown that initiation of viral replication in an jji vitro system requires a terminus freed from plasmid DNA (37). In these studies, a similar linker-modification of cloned left end sequences was a sufficient perturbation to effect 3ome incorrect initiation of replication (37). However, initiation of replication In vivo must be highly specific, and relies on more than simply deoxycytidylylation of terminal protein precursor and priming at the first dOIP. In the Eco Rl-cleaved plasmids used here, the termini contain a dCMP doublet, yet viral DNA with a PAT terminal sequence identical to wt viral DNA (XTA °^ was senerated. Th i3 specificity of initiation is possibly due to interaction of the terminal protein -dCMP and other replication proteins with appropriate internal recognition sequences.
As a demonstration of using plasmids containing overlapping subgenomic fragments to construct viru3 mutants, a nondefective variant deleted in sequences from 78.9 to 84.3 mu wa3 isolated. The EIII region encodes at least 8 mRNAs (31) and 2 glycoprotein3 (38) in Ad2, but i3 deleted in many of the nondefective Ad2-SV10 hybrid viruses (31,32), and in mutated Ad5 (6). The sequences between the Xba I sites at 78.9 and 81.3 mu were deleted from a plasmid *ich wa3 subsequently used to generate virus. The unique Xba I site Joining 78.9 mu to 81.3 mu is bracketed by the transcription initiation site and polyadenylatlon site of the EIII region, and this short transcriptional unit produced both spliced and unspllced RNAs. Virus with the 78.9 to 81.3 deletion was indistinguishable from wt in growth kinetics, yield of progeny and level of synthesis of various late viral polypeptides. However, one surprising phenotype observed for the Ad5A(78.9-81.3) virus was the Inhibition of wt viral DNA replication during coinfection of either HeLa or 293 cells. At least ten fold higher levels of replicating deletion mutant DNA were observed following coinfection at equal multiplicities. Thi3 inhibition must be the product of a ois effect and is probably not the result of faster replication by a shorter genome, since a similar inhibition is not observed with other deletion mutants (our unpublished observations) .
He are presently exploring ways to insert genes into the EIII region for expression during the growth cycle. Sequences inserted into this region will probably be transcribed during both the early and late phase of infection.
During the latter part of the lytic cycle, the inserted fragment might be expressed at high levels, comparable to that of other late viral mRNAs. To attain this high level of expression, the inserted segment would have to have the appropriate 3' splice site and polyadenylation signals. Segments containing the3e signals would have to be adapted from other late genes.
